A marked inhibition of the incorporation of S35-sulfate by normal calf costal cartilage was produced by potassium ascorbate in the presence of catalytic amounts of cupric ions. The effect of the various components of the ascorbic acid oxidizing system (potassium ascorbate, cupric ions, cuprous ions, hydrogen peroxide, dehydroascorbie acid) was investigated. The results of experiments in which hydrogen peroxide, catalase, or sodium azide were used singly or in combination suggest that the inhibition produced by the aseorbic acid oxidizing system is due, to a considerable extent, to the production of hydrogen peroxide. Dehydroaseorbie acid was also found to inhibit the incorporation of S35-sul/ate by cartilage slices. However, the gradual fall in pH which resulted from the addition of dehydroaseorbic acid could account to a large extent for the inhibitory effect observed because the incorporation of S35-sulfate by cartilage slices decreases sharply as the pH is lowered. The incorporation of SSS-sulfate by cartilage slices is inhibited also by increasing the concentration of phosphate.
Methods
Standard Procedure.--Costal cartilage from calves slaughtered a few hours previously was scraped dean of fat and muscle and the perichondrium was removed. All cartilage which showed signs of calcification or vascularization was discarded. Slices with an average thickness of 0.9 mm. were prepared with a wood plane held rigidly in a vise. Approximately 200 mg. of cartilage slices were weighed with a microtorsion balance and then transferred to each of 50 Erlenmeyer flasks (25 ml. capacity) which contained 5.0 ml. of a labelled salt solution made up as follows: NaC1, 160 ~; KC1, 160 ~M; MgCl~, 40/~M; CaCh, 8 ~M; 1 ~ Na~SO4 labelled with 3 ~c. of $3~; 1 and KH~PO4-K~.HPO4 buffer, pH 7.2, 100 ~. The various reagents to be tested were added to the flasks in amounts indicated in the text and the volume made up to a total of 5.5 ml. with distilled water, a few minutes prior to the start of the incubation. The flasks were placed in a constant temperature water bath, maintained at 37°C. and shaken at a rate of 160 oscillations per minute for up to 4 hours. Then 1 ml. of a 2 per cent solution of iodoacetic acid was added and exactly 2 minutes later the suspension medium was removed by suction and the slices were washed each of 3 times with I0 ml. of distilled water. Ten ml. of a saturated solution of sodium sulfate was added to each of the flasks and these were then set aside at 30°C. overnight.
The saturated solution of sodium sulfate was removed by suction and the slices were again washed 3 times with distilled water as above. The slices were transferred from each Erlenmeyer flask to a corresponding pyrex test tube (16 X 150 mm.), 4 ml. of 8 s hydrochloric acid was added, and the tubes were sealed with an oxygen torch and placed in a steam bath overnight.
After removal from the steam bath the tubes were cooled to room temperature and opened with an oxygen torch. Each hydrolysate was transferred quantitatively through Schleicher and Schiill shark skin falter paper (10 cm. diameter) into a 600 ml. pyrex beaker by washing the tubes 3 times with approximately 10 ml. of distilled water and then the filter paper twice with small volumes of water. Five ml. of a 0.05 ~ solution of sodium sulfate was added to each beaker and the volume made up to approximately 250 ml. with distilled water. After the addition of 5 ml. of a 10 per cent solution of barium chloride, the beakers were covered and set aside at room temperature overnight. The volume of the liquid in each beaker was reduced to about 50 ml. by boiling on a hot plate. After cooling, the precipitate was isolated on a filter paper disc and counted (9) . All values were corrected for radioactive decay and expressed as counts per minute per 200 mg. of cartilage. Each experiment was done in triplicate and the results averaged.
Autoradiography.--To determine whether the label was present primarily in the cells or in the matrix, coated autoradiograms (10) of cartilage slices were prepared after incubation of the slices in the labelled salt solution for 4 hours. Contact autoradiograms of ribs from rats given S3S-sulfate intraperitoneally were also prepared 1 The S 35 was obtained from the Oak Ridge National Laboratory on allocation from the United States Atomic Energy Commission. The dose, 4-20 per cent, was calculated from the data furnished by the supplier. (11) to determine the relative activity to be expected in the various regions of the fib cartilage with regard to the fixation of SSS-sulfate.
Isolation of Chondroitin Sulfate.--Chondroifin sulfate was isolated by a modification of the method of Bostrt~m (7). Cartilage slices (2 gm.) were incubated for 2 or 4 hours in 50 ml. of the standard salt solution which contained SS6-sulfate. The reaction was stopped by the addition of iodoacetic acid and the slices were washed. The slices were then suspended in 50 ml. of water and heated in a boiling water bath for 15 minutes. After cooling to room temperature a 10 per cent solution of sodium hydroxide was added to bring the concentration of sodium hydroxide in the resultant solution to 2 per cent. The slices were extracted for 24 hours at 0--4°C. with constant shaking. The pH of the solution was adjusted to 7 with glacial acetic acid and 25 mg. of crystalline trypsin was added. The solution was incubated at 37°C. for 24 hours and then dialyzed against running tap water for 48 hours. The solution was concentrated to dryness in a flash evaporator and the residue was taken up in 5 ml. of water. Particulate matter was removed by centrifugation and 3 volumes of 95 per cent ethanol saturated with sodium chloride was added to the clear solution. The resultant white precipitate was isolated by centrifugation, washed 2 times with 95 per cent ethanol and 2 times with ether. It was then dried in vacua over phosphorous pentoxide for 7 days. On analysis samples thus prepared gave values for uronic acid, hexosamine, and sulfate which approached the theoretical values assigned to chondroitin sulfate. On electrophoresis they migrated on paper in a manner identical to that of a standard preparation of chondroitin sulfate. The regions to which the samples moved were stained metachromatically and contained S sS, as judged by autoradiography of the papers before staining.
RESULTS
In the initial experiments, chondroitin sulfate was isolated from the cartilage slices and its specific activity was determined. The results obtained by this method were comparable to those obtained when the sulfate was isolated as the barium salt from acid hydrolysates of the washed cartilage slices. In all subsequent experiments the latter technique was used because of its convenience in the analysis of large numbers of samples.
The autoradiograms of rat ribs after the intraperitoneal injection of S 3~-sulfate (Fig. 1 ) demonstrated the accumulation of more S 35 in the region of hypertrophic cartilage cells at the costal-chondral junction than in the remainder of the rib cartilage. Therefore, in the preparation of slices from the calf costal cartilage care was taken to avoid inclusion of the cartilage from the region of the costal-chondral junction. Thereby large numbers of slices of comparable activity were obtained.
At the end of the 4 hour period of incubation, used as routine in most of these experiments, most of the bound S Ss was localized in the chondrocytes (Fig. 2) .
As found earlier by BostrSm and M£nsson (8) , the incorporation of S 3~-sulfate was maximal when freshly prepared cartilage slices were employed.
However, some incorporation was still observed when cartilage slices which had been stored at 0°C. for up to 15 days in a solution of salts (NaCI, 0.04 ~¢; KCI, 0.04 M; MgClt, 0.001 ~; and CaCI,, 0.002 M) were employed (Text- fig.l) . In this experiment, carrier sodium sulfate was omitted from the solution of salts subsequently used for incubation. Under these conditions the total amount .T~me (hP;~)
TExT-FIG. 1. Effect of storage of cartilage slices on the incorporation of S'S-sulfate. Calf cartilage slices were stored in a mixed salt solution (see text) at 0-4°C. for 15 days. Some of the slices were removed after the intervals of time indicated and incubated for I, 2, 3, and 4 hours in a salt solution comparable to that used for storage but containing S3S-sulfate.
of sulfate incorporated was limited by the sulfate concentration as indicated by the increase in the amount of S35-sulfate bound when the concentration of the carrier-free S85-sulfate was increased. When sulfate of constant specific activity was employed, maximum incorporation was observed when 1 ]zM of such sulfate was added to each flask. This amount of sulfate was used as routine in the remainder of the study.
There was a decreased incorporation of S 3~ when carrier sulfate was added (Text- fig. 2 ) due to the decrease in the specific activity of the sulfate in solution. On the assumption that all the fixed S85-sulfate is in the form of chon-droitin sulfate, it is possible to calculate the approximate amount of chondroitin sulfate which was synthesized by the cartilage slices in 4 hours. Such calculations reveal that only very small amounts of chondroitin sulfate are synthesized. For example, in one such experiment, the activity of the carrierfree S3%ulfate solution added to each flask was 4 )< l0 s c.P.M.. By the addition of 0.1 /z~ of unlabelled sodium sulfate to some of the flasks, the specific activity was adjusted thereby to 4 X 106 c.P.~, per p~ of sulfate. If then the 200 rag. of cartilage slices incubated in these flasks for 4 hours incorporated 
Effect of Ascorbic Acid
Ascorbic acid (Merck, u.s.P.) was dissolved in water and the solution was neutralized carefully with a dilute solution of potassium hydroxide to a pH between 6.5 and 7.0 just prior to use. In the initial experiments, all solutions were made up with distilled water prepared in a large commercial still. Under TExT-FIo. 3. Effect of ascorbic acid on the S~-sulfate incorporation by cartilage slices. Potassium ascorbate was added to the reaction vessels in the amounts indicated and the incorporation of labelled sulfate determined according to the standard procedure. The solutions added to one group of flasks (solid blocks) were made up with tank-distilled water, whereas the solutions added to a second group of flasks (open blocks) were made up with glass-distilled water.
TABLE I Effect of Versene on the Inhibition of S'l-Sulfate Incorporation by Potassium Ascorbate
Potassium ascorbate and versene (neutralized with NaOH to pH 7.0) were added to the reaction vessels in the amounts indicated and the incorporation of sulfate determined according to the standard procedure and compared to control flasks which contained no added supplements. All solutions were prepared with tank-distilled water. these conditions, potassium ascorbate in concentrations between 10 ~M and 50 #M per flask was found consistently to inhibit the incorporation of S 86-sulfate by cartilage slices. The degree of inhibition, however, varied considerably from experiment to experiment. Potassium chloride in equivalent concentrations was without effect. When water redistilled in a glass still was used for the preparation of solutions, the degree of inhibition was reduced considerably (Text- fig. 3 ). Indeed, under these conditions, when 1 #~r of potassium ascorbate was employed, a slight stimulation of the incorporation of S sssulfate was observed on a number of occasions, but not consistently. The inhibition of the incorporation of sulfate by potassium ascorbate when tank-distilled water was employed, was prevented by the prior addition of versene to the flasks (Table I) , which suggests that a trace metal present either in the water or in the salts was required for the demonstration of this effect. The stimulation of the incorporation of sulfate in the presence of versene when potassium ascorbate was absent (Table I) suggests that the trace metal alone may be toxic to the cartilage slices. Glass-distilled water was employed in all subsequent experiments.
Effect of Ascorbie Acid Oxidation
Ascorbic acid is oxidized readily by molecular oxygen at neutral pH in the presence of cupric ions as a catalyst. The reaction was considered by Barton et al. (12) to proceed as follows. ~---2 AA + 4 Cu++--~ 2 DHA + 4 Cu + + 4H + 4 Cu + + 4 H + + 2 02 -'* 4 Cu ++ + 2 H202 2 H202 "* 2 H~O + O~ As can be seen in Table II , a combination of cupric ions and potassium ascorbate produced an inhibition of the incorporation of sulfate by the cartilage slices which was considerably greater than was the sum of the inhibitions produced by each alone. The degree of inhibition in the presence of 10 of potassium ascorbate was unaffected by a variation in the concentration of cupric ions from 0.1 /~ to 10/~ per flask. Cupric ions alone in concentrations greater than 10/~g per flask were markedly inhibitory. A decrease in the concentration of potassium ascorbate from 10 #~r to 0.1/~g per flask, however, did result in a definite decrease in the inhibitory effect of the ascorbic acid oxidizing system (Table II) . The role of the various components of the ascorbic acid oxidizing system is considered below.
Effect of Cuprous Ions
Two moles of cuprous ions are formed for every mole of ascorbic acid which is oxidized. Because cupric ions are effective in the ascorbic acid oxidizing system in catalytic amounts, the cuprous ions which are formed must be reoxidized rapidly. The addition of cuprous chloride alone had no effect on the incorporation of S*~-sulfate by cartilage slices, even in concentrations up to 2/z~ per flask, despite the considerable inhibition produced by 1/zM of potassium ascorbate in the presence of catalytic amounts of cupric ions (Table II) . Higher concentrations of cuprous chloride are inhibitory. However, these latter results are difficult to interpret because cuprous chloride at the higher concentrations is only partially dissolved in the incubation medium.
Effect of Hydrogen Peroxide
Hydrogen peroxide had a strong inhibitory effect on the incorporation of ssn-sulfate by cartilage slices in concentrations as low as 1 ~ per flask (Text- fig. 4 ). The inhibitory effect of 10 #~ could be prevented completely by the Cartilage Slices Potassium ascorbate and cupric chloride were added to the reaction vessels in the amounts indicated and the incorporation of sulfate determined according to the standard procedure.
Potassium ascorbate
Cupric chloride Inhibition
Effect of cupric chloride concentration addition of 100~, of purified catalase (Nutritional Biochemicals, Inc., "lyophilized"), whereas, crystalline bovine albumin (Armour & Co.) added in equivalent concentrations as a protein control, was without effect (Table HI) . Sodium azide, a potent inhibitor of catalase, has been found to inhibit the incorporation of S85-sulfate by cartilage slices (8) . Under the conditions used in the present study, a 50 per cent inhibition was observed when 20 #~ of sodium azide was added per flask (Table III) . At a concentration of 0.1/~ of sodium azide per flask there was no effect on the incorporation of sulfate. However, the inhibitory effect of hydrogen peroxide was increased considerably by this concentration of sodium azide in the presence or absence of catalase (Table  III) .
The role of hydrogen peroxide in the ascorbic add oxidizing system was investigated with the use of catalase and sodium azide. Under the conditions 
TABLE III Effect of Catalase, Albumin, and Sodium Azide on the Inhibition of S~-Sulfate Incorporation
by Hydrogen Peroxide Hydrogen peroxide, catalase, albumin, and sodium azide were added to the reaction vessels in the concentrations indicated and the incorporation of sulfate was determined according to the standard procedure and compared to control flasks which contained no added supplements. given in Table IV , it can be seen that catalase at a concentration of I007 per flask was found to have no significant effect on the inhibition of the incorporation of sulfate by the ascorbic acid oxidizing system. An increase in the concentration of catalase to 300T per flask, however, completely abolished the inhibition, whereas crystalline bovine albumin had only a slight protective effect at concentrations as high as 9007 per flask. Both catalase and the crystalline bovine albumin alone had a slight stimulatory effect on the incorporation of sulfate. Furthermore, as can be seen in Table V , the inhibitory effect of the ascorbic acid oxidizing system was accentuated by the addition of sodium azide in concentrations which alone had little or no effect on the incorporation of
TABLE IV Effect of Catalase and Albumin on the Inhibition of Sss-Sulfate Incorporation by the Ascorbic
Acid Oxidising System Potassium ascorbate, cupric chloride, catalase, and albumin were added to the reaction vessels in the concentrations indicated and the incorporation of sulfate was determined according to the standard procedure and compared to control flasks which contained no added supplements. sulfate. These data strongly suggest that hydrogen peroxide plays an important role as regards inhibition by the ascorbic acid oxidizing system of the incorporation of sulfate by cartilage slices.
Effect of Dehydroascorbic Acid
Dehydroascorbic acid (1:1 methanol complex, Nutritional Biochemicals, Inc.) strongly inhibited the incorporation of sulfate by cartilage slices (Text- fig. 5 ). Methanol in equivalent concentrations was without effect. It is of interest that the degree of inhibition produced by 1 #~ and 10 tx~r of dehydro-ascorbic acid was less than that produced by the oxidation of equivalent amounts of ascorbic acid in the presence of catalytic amounts of cupric ions (Table II) .
TABLE V

Effect of Sodium Azide on the Inhibition of S35-Sulfate Incorporation by the Ascorbic Acid
Oxidising System
Potassium ascorbate, cupric chloride, and sodium azide were added to the reaction vessels in the concentrations indicated and the incorporation of sulfate was determined according to the standard procedure. Dehydroascorbic acid, although neutral in reaction, is decomposed in neutral or alkaline solution to form acidic products. The effect of the dehydroascorbic acid on the pH of the incubation medium is shown in Text-fig. 6 . Since at the higher concentrations of dehydroascorbic acid the pH falls, despite the presence of 100 ~ of phosphate buffer of pH 7.2, the incorporation of sulfate by car- Time (rain.) T~x~r-Fm. 6. Effect of dehydroascorbic acid on the pH of the reaction mixture. Dehydroascorbic acid in the concentrations indicated was added to flasks containing all the components of the standard reaction mixture except carrier-free Na2S3~4. The pH of the reaction mixture was determined at the intervals indicated using a Beckman model G pH meter. fig. 7 . When the complete incubation medium was prepared, as described in the Methods section, a fine white precipitate formed in the flasks which contained phosphate buffers of pH greater than 7.0. In addition, the pH of the solution fell; this is indicated by the open circles in the insert to Text- fig. 7 . The solutions which contained precipitates were filtered, a procedure which did not alter the pH of the medium, and the filtrates were used as incubation media for the cartilage slices. As can
TABLE VI Effect of the Phosphate Buffer Concentration on the Incorporation of S85-Sulfate by Cartilage Slices
Potassium phosphate buffer was added to the reaction vessels in the concentrations indicated and the incorporation of sulfate was determined according to the standard procedure. fig. 7 the incorporation of S35-sulfate is very dependent on the pH of the incubation medium. Of particular interest here, is the very markedly decreased incorporation of sulfate in the media in which the pH is less than 7.0. These observations suggest that the inhibitory effect of dehydroascorbic acid on the incorporation of sulfate may be due in part to the drop in pH when it is added to the incubation medium. This point was investigated by determining the effect of an increase in the concentration of the buffer on the inhibition by dehydroascorbic acid of the incorporation of sulfate. In one series of experiments, the molarity of the buffer was increased while the concentra-tion of the other salts was kept constant. In a second series, the amount of phosphate buffer was increased while isomolarity was maintained by a concomitant decrease in the concentrations of the other salts. The results of both types of experiments were comparable. Two points are of interest. First, as can be seen in Table VI , an increase in the concentration of phosphate buffer resulted in a decreased incorporation of sulfate by cartilage slices and, second, dehydroascorbic acid was less inhibitory when incubated with cartilage slices in the presence of the higher concentrations of phosphate buffer (Table VII) . This latter decreased inhibitory effect could be correlated with the stabilization of the pH of the incubation medium. However, considerable inhibition was still produced by 50/zM of dehydroascorbic acid even in the presence of 300 #~ of phosphate buffer (Table VII) . Under these conditions the pH of the medium fell to 6.9; as can be seen in Text- fig. 7 , a fall in pH of this magnitude would not appear to be sufficiently large to account for marked inhibition observed. Therefore, under these conditions, an inhibitory effect of dehydroascorbic acid per se could not be discounted.
DISCUSSION
The incorporation of S85-sulfate by cartilage slices prepared from normal calves is inhibited strongly by ascorbic acid in the presence of catalytic amounts of cupric ions. The inhibition appears to be due largely to the hydrogen peroxide generated by this system. The data also suggest that other components of the ascorbic acid oxidizing system may be involved to some extent. Little can be said at the present time regarding the mechanism of this effect. Bostrt~m and Mfmsson (8) have reported that the incorporation of S35-sulfate by cartilage slices is inhibited by reagents which react with sulfhydryl groups. It is, therefore, of interest that the products of ascorbic acid oxidation (dehydroascorbic acid, hydrogen peroxide, and cuprous ions) all react readily with sulfhydryl groups. A number of investigators (13) (14) (15) have reported that ascorbic acid oxidation catalyzed either by cupric ions or hydrogen peroxide leads to the degradation of mucopolysaccharides, although some discrepancy exists in the literature as to the component of the ascorbic acid oxidizing system primarily involved. The relationship, if any, between this effect of ascorbic acid oxidation and the inhibition of' the incorporation of S35-sulfate is unknown. However, it is possible that the decrease in the amount of bound S35-sulfate observed in the presence of the ascorbic acid oxidizing system may be due to the more rapid degradation of chondroitin sulfate under these conditions. The possibility that the oxidation of ascorbic acid may facilitate its passage across the cell membrane should also be considered.
Under the conditions employed in the present study, ascorbic acid at a concentration of 1 /zx~ per flask in conjunction with catalytic amounts of cupric ions inhibited the incorporation of S35-sulfate. This concentration of ascorbic acid is equivalent to a concentration of 3.5 mg. per cent, which is of the same order as that present in a number of mammalian tissues (16, 17) . However, the rate of oxidation of ascorbic acid by molecular oxygen in situ, and the amount of hydrogen peroxide produced by this mechanism under physiological conditions are unknown. The picture is further complicated by the fact that ascorbic acid deficiency in guinea pigs is also associated with a decreased incorporation of S3~-sulfate by cartilage (4), an observation which is difficult to reconcile with the results reported here. It is of interest that although the level of ascorbic acid in tissues of scorbutic guinea pigs is very much decreased, the ratio of dehydroascorbic acid to ascorbic acid appears to increase (16, 17) as a result of a relatively greater decline in the concentration of ascorbic acid in the tissues (16) . Indeed, an absolute increase in dehydroascorbic acid levels in most tissues of the scorbutic guinea pig has been reported (17) .
Of some interest are the observations that incorporation of sulfate by cartilage slices is dependent on the pH of the medium and that as the concentration of phosphate is increased less sulfate is incorporated. One is intrigued by the possibility that these observations particularly point up some relationship between the metabolism of chondroitin sulfate and calcification. What this relationship may be is, at the present time, not clear.
BIBLIOGRAPHY EXPLANATION OF PLATES PLATE 1
FIO. 1 a. Autoradiogram of rat rib cartilage. Into 7-day-old rats 30 #c. of Na~$3604 was injected intraperitoneally. The rats were sacrificed 8 hours later. Sections of formalin-fixed ribs were cut at 7 ~ and placed in contact with Kodak contrast process ortho film. The autoradiograms showed a nearly uniform distribution of S 3s in the rib cartilage, except at and near to the costal-chondral junction. More S 3s was present in the latter region than throughout the rest of the cartilage. To the left of the figure is seen the autoradiographic reaction produced by vertebrae of the animal. × 13.
FIG. 1 b. Section of rat rib cartilage which produced the autoradiogram shown in Fig. 1 a. The section was stained with toluidine blue after the autoradiogram was prepared.
PLATE 2
FIG. 2 a. Autoradiogram of a slice of calf cartilage. The slices were incubated in a solution of salts, which also contained S35-sulfate, for 4 hours, as described in the Methods section as the standard procedure. After the slices had been washed, they were fixed in formalin and 7 # sections were prepared. The paraffin was removed and the sections were then coated with Eastman Kodak NTB3 emulsion. Examination of the resultant autoradiograms showed that S 3~ was almost entirely present in the chondrocytes. × 202 .  FIG. 2 b. A section of a slice of calf rib cartilage. This section is one adjacent to that which produced the autoradiogram shown as Fig. 2 a. It was stained with toluidine blue. It can be seen that the distribution of the chondrocytes resembles the distribution of the clumps of silver grains seen in the autoradiogram, Fig. 2 a. 
